NaH'4CO3 (105 Cpm) to 1.3 ml of the enzyme preparation. At intervals, 0.4-ml samples were removed and acidified with 0.1 ml of 6 N acetic acid. Controls consisted of a zero time sample that was acidified immediately upon mixing the reaction components, and a reaction mixture lacking ribulose-1, 5-diP which was acidified at the end of the experimental period. The same enzyme preparation procedure was used for phosphopyruvate carboxylase except that dithioerythritol was sometimes substituted for reduced glutathione to provide an alternative test for sulfhydryl protection. The assay system for this enzyme, after Slack and Hatch (25), contained 1.55 ,umoles of phosphopyruvate and 15 ,umoles of sodium glutamate in substitution for the ribulose-1,5-diP used above. Controls were the same. For the assay of glycolate oxidase activity, leaves were homogenized in 0.067 M phosphate buffer (pH 7.8) and filtered through four layers of 60 mesh cheesecloth. This homogenate was used directly in a polarographic assay (10) with the Clark electrode. The reaction was initiated by adding 10 .moles of sodium glycolate in 0.2 ml of the phosphate buffer to 2.8 ml of the enzyme preparation. Controls were samples to which no glycolate was added. Addition of the enzyme cofactor, flavin mononucleotide, was not found to be stimulatory, and this was omitted from the assay system. Reagents were from Sigma.
For a number of years following the description of the ribulose-1,5-diP carboxylase reaction (3) , it was believed that this represented a universal pathway of carbon dioxide fixation in green plants. The more recently described pathway coupled to P-pyruvate carboxylase (20, 14) , however, has proved to be widely distributed also (15, 17) . Surveys of assimilatory capacity have generally indicated a substantially greater rate of net assimilation in plants with the latter pathway. Since plants carboxylating ribulose-1 , 5-diP also possess an active photorespiratory pathway coupled to glycolate oxidase (8, 9, 15, 17, 28) , the CO2 loss associated with these reactions may generate the lower assimilatory efficiency.
Among the most efficient dry matter producers known are cattails, members of the aquatic genus, Typha (30) . A brief report of the effect of oxygen upon the assimilatory efficiency of Typha angustifolia (12) suggests that this high efficiency may be associated with the ribulose-1, 5-diP pathway. Studies of glycolate oxidase level have also demonstrated a high photorespiratory capability in Typha latifolia (21) . The experiments reported here were designed to: (a) determine photosynthetic rates of Typha directly by infrared gas analysis, (b) establish the nature of the carboxylation reaction, and (c) estimate the proportion of the carbon assimilated which passes through the glycolate oxidase reaction.
MATERIALS AND MIETHODS
Plants of the broad-leaved cattail, T. latifolia, were grown in growth chambers or a greenhouse in Baccto potting soil supplemented with complete nutrient solution. Materials for most of the experiments were grown at 17-hr photoperiods and a 12 hr/ 12 hr thermoperiod of 30 C/25 C. Material for some experiments IThis research was supported by National Science Foundation GB-5516 and GB-8099.
was grown in the greenhouse at Syracuse, New York, with natural photoperiod and temperatures of around 30 C during the day and 20 C during the night. Photosynthetic rates of detached leaves with the base submerged in distilled water were measured with the Beckman model 215A infrared gas analyzer. Transpiration was measured electrohygrometrically (19) . Ribulose-1 , 5-diP carboxylase was assayed according to Bjorkman (5 (10) with the Clark electrode. The reaction was initiated by adding 10 .moles of sodium glycolate in 0.2 ml of the phosphate buffer to 2.8 ml of the enzyme preparation. Controls were samples to which no glycolate was added. Addition of the enzyme cofactor, flavin mononucleotide, was not found to be stimulatory, and this was omitted from the assay system. Reagents were from Sigma.
For "4CO0 assimilation experiments, leaves were preilluminated in 2 X 106 ergs cm-2 sec-l of light with their base in distilled water or a glycolate oxidase inhibitor, 0.01 M a-hydroxypyridinemethanesulfonic acid (Aldrich), for 30 For all identifications, compounds were separated by paper chromatography, identified by radioautography as verified with known standards (14) , and eluted from the paper for counting with a Nuclear-Chicago model 186 decade scaler in conjunction with a D47 gas flow detector with an efficiency of 21 %. The separation techniques did not resolve glucose and sucrose, and so these compounds are reported together. Neither was of particular interest except as "end products" of glycolate metabolism.
RESULTS
Direct measurement of the carbon dioxide assimilation rates of T. latifolia leaves documented directly the great assimilation efficiency of this plant (Table I) . These rates are generally comparable to those reported for many of the species assimilating carbon by the dicarboxylic acid pathway (11) . This is in qualitative agreement with productivity surveys which indicate that uncultivated cattail marshes often are as productive as intensively cultivated tropical agriculture based on sugar cane and maize (30) .
Assays for ribulose-1 , 5-diP and phosphopyruvate carboxylases utilizing acid-stable counts recovered from incubation mixtures with NaH14CO3 indicated that the principal carbon-incorporating enzyme in T. latifblia is ribulose-1,5-diP carboxylase (Fig. 1) . Activity was never detectable in extracts where the pyruvate was provided as an acceptor. With ribulose-1,5-diP as an acceptor, there was a linear increase in the acid-stable counts for at least a 20-min period. Although we used standard assay procedures for both enzymes, and the phosphopyruvate carboxylase is not known to be particularly labile in other systems, the possibility always exists that the enzyme is inactivated by the procedure. To preclude this possibility, short time period incorporation experiments were performed with leaf disks to determine the functional CO, incorporation pathway in vii'o. The familiar extrapolation to zero time curves for these experiments indicated that the ribulose-1, 5-diP pathway is indeed the primary assimilatory pathway in T. latifolia ( Fig. 2) . At 2 sec exposure to "4CO2, (Table II) . In the feeding experiments, significant label from glycolate was recovered in only five compounds, and by far the bulk of the glycolate was converted into glucose or sucrose, or both, at the end of an hour. The effect of light upon the fate of the label was interesting. The label remaining in glycolate was four times greater when the compound was fed in the dark compared with the light feeding levels, suggesting that either: (a) glycolic acid metabolism is facilitated by light, or (b) uptake was ATP-limited so that a portion of the glycolate was not reaching cell organelles active in its metabolism. Since glycolate metabolism is largely restricted to glyoxysomes (18) , an ATP-dependent transport process could limit the movement of fed glycolate to these organelles. However, since there is little reason to believe that glycolate transport is energy-dependent, it seems more likely that glycolate oxidation is light-influenced. A likely mechanism is through the effect of light upon the oxygen concentration of the cell, although direct effects through novel forms of glycolate oxidase (2) cannot be ruled out. Also interesting is the lightdependent appearance of label in malate. Our failure to detect phosphopyruvate carboxylase activity in Typha suggests that an as yet undescribed energy-dependent pathway leads from glycolate to malate. The products of glycolate-1-_4C feeding to leaves reported here are essentially similar to earlier studies (7, 16, 23, 24) , although significant label in malate has not been reported consistently in other feeding studies. The marked difference between the total counts incorporated in inhibited and uninhibited leaves suggests that the greater assimilatory efficiency of Typha does not arise out of a conservation of CO2 produced in the photorespiratory process. The stoichiometry of 'IC loss in T. latifolia without glycolate oxidase inhibition is what would be predicted from previous studies (27) on other plants.
The effect of a glycolic acid oxidase inhibitor upon the distribution of photosynthetically incorporated '4CO2 was determined by one-way comparison with Student's t, which indicated that there were significant reductions in percentage of the radioactivity occurring ;n sugar phosphates, glycerate, serine, glycine, and malate, and a significant increase in the proportion of the label occurring in glycolate upon inhibition (Table III) . Although the feeding experiments indicated substantial effectiveness of the Plant Physiol. Vol. 45, 1970 g-' hr-'. This indicates that the photorespiratory capacity recoverable as glycolate oxidase is many times the level that would be predicted from the inhibitor experiments and is sufficient to process a significant proportion of the carbon fixed.
It is well known that inhibition of glycolate oxidase causes stomatal closure (33) , and this is the explanation generally advanced for the decreased photosynthetic rate upon incubation of leaves in glycolate oxidase inhibitor solution. In our "4CO2 incorporation experiments, rates were consistently reduced about 70% by the inhibitor. Diffusion theory predicts that if the action of an experimentally introduced molecule is principally upon the stomatal mechanism, the magnitude of the transpiration decline should exceed the magnitude of the photosynthesis decline (34) . In addition, if the inhibitor affects carbon incorporation rate through effecting stomatal closure, there should be a simultaneous decrease in transpiration rate and assimilation rate upon inhibition. In experiments where photosynthetic and transpiration rates were simultaneously measured, however, the carbon assimilation rate consistently showed a very rapid and pronounced response to the inhibitor while the transpiration rate never showed a dramatic change and the first evidence of an effect consistently lagged 6 to 8 min behind the assimilation effect (Table   IV) . The photosynthetic rate typically showed a depressed level within 3 min of inhibitor introduction, while transpiration rate lagged 6 min behind and never showed the dramatic decline found in photosynthetic rate. It can be argued that Typha has substantial epidermal transpiration which is masking the stomatal effect, but this explanation does not explain the substantial time lag observed. Attempts at direct measurement of stomatal aperture through the use of collodion impressions and epidermal strips were ineffective through a prevalence of artifactual effects. Similarly, porometer techniques could not be utilized because of the intractable shape of the Typha leaf. Repeated experiments with the inhibitor, however, resulted in transpiration reductions of 35%, far lower than the photosynthetic inhibition.
TA.BLE IV. Effect of a Glycolate Oxidase Inihibitor uipont Photosynthesis and Transpiration of T. latifolia Leaves An excised leaf with its base in distilled water was allowed to come to steady state photosynthesis and transpiration as monitored by infrared gas analysis and electrohygrometry, respectively.
At t = 5 min, the leaf was transferred to a 0.01 M solution of a-hydroxypyridinemethanesulfonic acid. Light, CO2 concentration, and temperature were as described for Table I . Photosynthetic rate was 18.1 mg CO2 g-' hr-' and transpiration rate was 2.04 g H20 g-' hr-' at the initial steady state. (28, 32) suggests that this efficiency may arise out of carbon conservation through minimal photorespiration. Why this conservation should be coupled with glycolate oxidase levels sufficient to process much of the carbon fixed remains enigmatic, unless we assume that the enzyme operates very far from optimal conditions in vivo. Reassimilation of CO2 is not a likely explanation of the CO2 conservation when the feeding experiments are considered. These experiments indicated that about the same proportion of glycolate carbon is lost in Typha as has been reported for other plants. Another possibility is that the supply of glycolate is closely regulated in Typha. A mechanism for such regulation is not obvious although it may be related to the couple between the 02 requirement for glycolate formation (29) and the 02 requirement for glycolate oxidation.
The glycolate feeding experiments indicate that malate is a product of glycolate metabolism in the light. This product might arise out of a condensation of glyoxylate and acetyl-CoA (6), although there is no evidence to indicate that the necessary reactions occur in leaves.
Like all inhibitor studies, the ones reported here are not unambiguous. The lack of simultaneity between the decline of carbon assimilation and the decline of transpiration in leaves treated with the glycolate oxidase inhibitor suggests: (a) the inhibitor has a pronounced direct effect upon the operation of the photosynthetic apparatus, or (b) glycolic acid oxidation and photosynthesis are closely coupled. If, as Tanner and Beevers indicated (26) , a-hydroxypyridinemethanesulfonic acid is a general inhibitor, these experiments indicate a pronounced effect upon one of the primary photosynthetic systems. If, as Zelitch has indicated (31) , this compound is a relatively specific inhibitor of glycolate oxidase, we must conclude that the oxidation of glycolate is essential to continued assimilatory capacity in Typha. A close coupling between glycolic acid oxidation and photosynthesis in Typha may operate through an NADPH shuttle coupled to glyoxylate reduction (22) , which would allow photophosphorylation to proceed (1) in spite of a lack of stoichiometry between the ATP and NADPH requirements of the cell.
Vandor and Tolbert (29) have reported that glycolate synthesis from fructose-1,6-diP proceeds in the dark in the presence of NADPH and 02. Therefore, both the synthesis and the further conversion of glycolate are oxygen-sensitive steps. The low level of carbon moving through glycolate oxidase in Typha, but the pronounced sensitivity of carbon assimilation to glycolate oxidase inhibition, suggests to us that the most important function of the glycolate pathway is metabolic regulation. The most conspicuous property of the metabolic sequence involving glycolate is the large of number of reactions that require products, or substrates, of the photosynthetic reactions. One of the serious problems that the photosynthetic apparatus confronts is the production of 02 proximal to unstable electron transients in the photosynthetic electron transport sequence. Although it is likely that these transients are isolated from the oxygen production site through the membrane organization system, it still remains important to maintain chloroplast 02 concentration low. The tight spatial appression of glyoxysome and chloroplast membranes observed in electron micrographs (13) suggests that the glycolate oxidase reaction's fundamental function may be depletion of molecular oxygen produced by the photosynthetic apparatus.
The glycolate "pathway" is a cycle operating in parallel with the Calvin cycle since it shares common substrates with that cycle. The large numberof feedback points in the coupledcycles
